In this paper, a novel ICI reduction technique, with the combination of RF delay circuit and simple digital signal processing, is proposed. Proposed OFDM is compatible to existing OFDM systems and has 100% frequency efficiency. BER performance of proposed system is analyzed under the indoor multipath channel of 60 GHz by computer simulation. Simulation results in LOS multipath channels shows proposed technique enables BER of 1.0E-05 without forward error correction (FEC) for both QPSK and 16 QAM modulation schemes under the presence of phase noise and frequency shift. 
However, OFDM shows sensitive characteristics against the phase noise and frequency offset generated by local oscillator (LO) [1, 2] . Generally, LO shows poor characteristic in high frequency band. Therefore, new technology needs to be developed to overcome the strong phase noise and frequency shift for the utilization of 60 GHz band for personal communication systems, which shows the rapid growth of its commercial potential.
Many researchers studied and proposed the solution to reduce ICI within OFDM systems [3, 4] . Among these researches, self-cancellation technique [5] takes different approach than others. Its idea is not to generate ICI even if phase noise exists in OFDM systems, while other ICI reduction methods try to eliminate the ICI after it appeared in OFDM system. Due to its nature characteristics mentioned above, self-cancellation scheme shows good performance even in the sever condition such as 60 GHz where strong phase noise exists. However, it uses double frequency bandwidth to transmit the same amount of data.
In this paper, new ICI reduction technique, namely split OFDM, is proposed. Proposed method inserts the time delay in RF domain and split the OFDM signal into odd and even subcarriers. Proposed technique keeps 100% frequency efficiency while it shows excellent ICI reduction performance without almost any additional computational complexity. This paper consists as follows. Firstly, new ICI reduction technique with RF delay circuit, is proposed. After that, BER characteristic of proposed method is analyzed by computer simulation in the indoor millimeter wave channel models defined by IEEE802.15.3c. Simulation results show that proposed technique enables BER of 1.0E-5 by QPSK and 16 QAM modulation schemes without forward error correction (FEC) in the residential line-ofsight (LoS) condition, where traditional OFDM cannot achieve BER of 1.0E-3. 
The first term in the right side of the Equation (1) shows original data X[l] is rotated by phase noise φ [n] . This part is called common phase error (CPE). The second term expresses the total amount of interference caused by other N − 1 subcarriers, which is called intercarrier interference (ICI). CPE can be eliminated to the almost negligible level by using the pilot subcarriers. Therefore, this paper focus on ICI effect and ignores CPE.
Splitting subcarriers into 2 groups
We define the first half of traditional OFDM signal as T 1 [n] (n : 0 ∼ N /2 − 1) and latter half as T 2 [n] (n : N /2 ∼ N − 1). Then, OFDM signal after IFFT process is expressed as;
Phase noise applied to the first and latter half of the traditional OFDM signal are defined as
respectively. The first half of even subcarriers in the traditional OFDM signal is defined as T even [n] (n : 0 ∼ N /2 − 1) and can be extracted from original OFDM signal by following operation;
Similarly, the first half of odd subcarriers is defined as T odd [n] (n : 0 ∼ N /2 − 1) and extracted from original OFDM as follows;
The Equation (5) and (6) 
In Equation (7), ICI term consists of N/2−1 subcarriers (k = 0, 2, 4 . . . N − 2, k = l) while ICI term in Equation (1) shows total amount of interference from N − 1 subcarriers. In the same manner, the odd subcarrier R odd [l] is processed by different FFT processor and shown as;
By above operation,
• OFDM signal can be separated to even and odd subcarrier groups when
• Once odd and even subcarriers separated, they are processed by 2 separate FFTs. By this operation, ICI is generated by N/2−1 subcarriers, instead of N − 1 subcarriers in the original OFDM. Therefore, total amount of ICI is reduced.
Proposed system uses above nature of OFDM and explanation of system realization is shown in the next section. Fig. 1 (a) shows the process of proposed technique in the transmitter. The output signal from IFFT process is split into two parallel signal sequences. One data sequence, tx 1 , consists of N/2 zeros and
System implementation
where S 1 is the original output signal from IFFT processer. Similarly, the other signal sequence, tx 2 [n], consists of N/2 zeros and S 2 [n] (n : N/2 ∼ N − 1). These two data sequences are up-converted at the same time. Then, the time delay of half OFDM symbol length (T/2) is inserted for tx 2 . Before the RF signal is transmitted from the transmitter, tx 1 and tx 2 are combined such that both the first and the second half of modulated OFDM signal is transmitted with correct order in time domain. In the receiver, the first step of the process is to split the received signal into two data sequences, rx 1 [n] and rx 2 [n]. Data sequence rx 1 [n] is delayed by half OFDM symbol length then both data sequences are down converted with the local oscillator. By inserting the T/2 delay for rx 1 [n], same phase noise is applied for both S 1 [n] (n : 0 ∼ N/2 − 1) and S 2 [n] (n : N/2 ∼ N − 1) which are circled by dotted line in Fig. 1 (b) . After the above process, S 1 [n] and S 2 [n] are re-constructed in the time domain with correct order. Then, even and odd subcarriers are separated by using Equation (5) and (6) . Finally, 2 output signals from 2 FFT processors are demodulated.
Despite self-cancel or traditional subcarrier nulling method, proposed scheme can be realized even if it is implemented only in the receiver. When the proposed system is implemented only in the receiver side, only the phase noise from the receiver LO is suppressed. This is because the same phase noise from receiver LO is applied to S 1 [n] and S 2 [n] in the dotted line. However, in this paper, we assume that proposed scheme is implemented in both transmitter and receiver. Table I . Simulations are performed in indoor multipath channel model called CM1.2, which is defined by IEEE802.15.3c [6] . CM1.2 is a LOS channel model of residential room where antenna directivity of 60 degrees and 60 degrees are used. Table I . Simulation parameters
Simulation results
BER characteristics of QPSK and 16 QAM modulation schemes in the LOS channel are shown in Fig. 2 (a) and Fig. 2 (b) , respectively. These simulations are conducted in the presence of both phase noise and frequency offset at the same time to realize realstic condition of wireless systems. In Fig. 2 (a) , self-cancel and proposed scheme don't show the floor of BER curve and reaches BER of 1.0E-06 without forward error correction (FEC), where traditional OFDM shows limited BER improvement when frequency shift of 0.05 is present. Fig. 2 (b) shows the BER characteristic of 16 QAM in LOS channel. In this figure, it is shown that when frequency offset of 0.02 and 0.05 is added, proposed scheme can reach BER of approx. 2.0E-06 and 1.0E-04, respectively while normal OFDM does not reach BER of 1.0E-03 when frequency offset of 0.05 is present. For both cases, proposed system reduces BER down to 1/100 from the conventional OFDM where no ICI reduction is used.
Conclusion
In this paper, a new ICI reduction technique, namely split OFDM, is proposed. Computer simulation shows proposed technique has good ICI reduction performance in millimeter wave multipath channel and BER is reduced to approx. 1/100 compared with conventional OFDM system.
Proposed OFDM keeps 100% frequency efficiency, therefore it enables double data rate if compared with self-cancel technique. Moreover, proposed technique is compatible to existing OFDM systems. Therefore, is it expected that this technique will be used in future OFDM systems.
As a further step of the research, more effective ICI reduction technique can be studied to achieve better performance than self and/or subcarrier nulling OFDM based on the proposed idea in this paper.
